Abstract Campylobacteria are important foodborne pathogens. C. jejuni bacteria have caused several drinking water-related epidemics in Finland. Normally, C. jejuni is not able to multiply in drinking water or in biofilms although it may survive in biofilms. The survival of C. jejuni in biofilms was studied using the Propellae biofilm reactor. The number of bacteria was analysed with traditional culture methods and with fluorescence in situ hybridisation (FISH). By culture methods C. jejuni was detectable for only 1 d after spiking whereas bacteria were found from biofilms for at least 1 week after spiking and from outlet water of the reactor for 3 weeks when using FISH. These results suggested that C. jejuni may survive in biofilms and culture methods probably seriously underestimate the real number in water and in biofilms.
Introduction
Thermotolerant Campylobacter spp. (including jejuni, lari and coli) are important foodborne pathogens causing human gastroenteritis (Ketley, 1997) . The major sources of infection are raw meat, untreated water, milk and pets. C. jejuni and C. lari are also found to be an important cause of drinking water-related epidemics (Broczyk et al., 1987; Hänninen et al., 2003) . For example, in Finland most of the drinking water epidemics have been caused by noroviruses or C. jejuni (Miettinen et al., 2001) . Campylobacteria are microaerophilic bacteria, requiring a temperature range of 30-40 8C for growth. This means that they are not able to multiply in drinking water. Typically in the cases of waterborne epidemics campylobacteria have contaminated the raw water source at small ground water works. Normally these waterworks do not apply any disinfection (Miettinen et al., 2001) .
Most of the bacteria in drinking water distribution systems are associated with biofilms growing on the inner surfaces of the pipelines. In biofilms the nutrient supply for bacteria is better and bacteria can have protection against disinfection. Several studies have shown that some pathogenic or opportunistic pathogenic bacteria can survive longer in biofilms than, for example, in water (Buswell et al., 1998; Percival and Walker, 1999) . Traditionally, the identification of Campylobacter spp. is based upon their ability to grow in a microaerophilic atmosphere, Gram staining and motility analysis. Several molecular methods for identifying Campylobacter spp. have been developed, typically based on the analysis of PCR products or on fluorescence in situ hybridisation (FISH) of the bacteria (Buswell et al., 1998; Wassenaar and Newell, 2000) .
FISH is based on the specific binding of nucleic acid probes to specific regions on rRNA. Recently, a new FISH method for the rapid detection of thermotolerant campylobacteria, has been based on the use of PNA probes instead of traditional DNA probes (Lehtola et al., 2005) . PNA probes have many advantages including greater permeability through the bacterial cell wall and a simpler fixation step than DNA oligonucleotides (Perry-O'Keefe et al., 2001; Stender et al., 2002) . The results of an experimental contamination of Propellae biofilm reactor with C. jejuni bacteria are presented in this study. The presence of C. jejuni in water and biofilms was analysed by two culture methods and by FISH.
Materials and methods
The Propellae reactor was run with tap water for 4 weeks before spiking. Water flow through the reactor was 186 mL/min and the retention time of the water in reactor was 12.6 h. Water temperature was þ15 8C. Water was mixed effectively in the reactor, the Reynolds number for water flow being . 15,000 (i.e. water flow was turbulent). Biofilms growing in the reactor were analysed from removable PVC coupons. Biofilms were detached from the coupons into 25 mL sterile water by sonication. The formation of biofilms on the coupons was analysed with plate counting (HPC; R2A agar, Difco) and by direct counting (DAPI staining).
Inlet water was studied for microbial nutrients. Total non-purgeable organic carbon (TOC) was analysed by a high temperature combustion method with a Shimadzu 5000 TOC analyser (Kyoto, Japan). Assimilable organic carbon (AOC) was analysed (Van der Kooij et al., 1982) by a modified method . The modification included addition of inorganic nutrients, i.e. AOC was measured as AOC potential . Total phosphorus (total P) was analysed using the ascorbic acid method (Finnish standards SFS-EN 1189, 1997). Microbially available phosphorus (MAP) was analysed by a bioassay (Lehtola et al., 1999) . Free chlorine residual in water was analysed with Palintestw Micro 1000 Chlorometer (England).
The reactor was spiked with water containing 10 5 CFU/mL C. jejuni (environmental strain isolated from faecally contaminated drinking water). The number of C. jejuni in biofilms was followed for 1 week and in outlet water of the reactor for 3 weeks. The presence of C. jejuni in water and biofilms was analysed by membrane filtration (modified ISO 17995, 2005) by plating on mCCDA plates (Oxoid) after enrichment in a 50 mL volume of Campylobacter Enrichment Broth (Lab Me, International Diagnostic Group). Filtered sample volumes were modified from 0.1 mL to 1,000 mL for water samples and from 0.1 mL to 6 mL for biofilm samples. The presence of the bacteria in broth was also analysed by PCR (Fermér and Engvall, 1999) . Prior to PCR, microbial DNA was isolated from 1 mL of enrichment broth (UltraCleane, Microbial DNA Isolation Kit, Mo Bio Laboratories, Inc.,). In addition, the number of bacteria was analysed with direct spread plating (sample volume 0.1 mL) on mCCDA plates (Oxoid). Both broths and plates were incubated in a microaerophilic atmosphere. For the FISH analyses, 10 mL sonicated biofilm suspension and 50 mL outlet water were filtered (0.2 mm, Anodisc, Whatman). Bacteria on the filter were hybridised with CJE195 PNA probe at 50 8C for 90 min and washed with washing buffer at 50 8C (30 min) (Lehtola et al., 2005) . The numbers of hybridised bacteria were counted by epifluorescence microscopy (Olympus BX51, Japan).
The loss of bacteria during the hybridisation and washing steps was tested with several water samples containing different amounts of C. jejuni. Sterile milli-Q-water was spiked with C. jejuni and water was filtered through two parallel 0.2 mm membranes (Anodisc). One membrane was analysed with FISH, the other stained with 0.01% acridine orange (Fluka) dilution for 2 min. Bacterial numbers on filters were counted by epifluorescence microscopy and by comparing the numbers of bacteria on membranes; the loss of bacteria during FISH was calculated.
Results and discussion
TOC and AOC concentrations in inlet water of the Propellae reactor were 3.4^0.3 mg/L (n ¼ 5) and 69^21 mg/L (n ¼ 7) respectively. Total phosphorus concentration was 1.4^0.6 mg/L (n ¼ 16) and MAP 0.25^0.06 mg/L (n ¼ 5). Concentration of free chlorine in inlet water was 0.06 mg/L. These values were typical for Finnish drinking water produced from lake water if ozonation was not applied in the water treatment process (Lehtola et al., 2002) . Even if the water was not especially tested for nutrient limitation, we can assume that the microbial growth in water and biofilms was, in this case, limited by phosphorus. Before spiking the Propellae reactor with C. jejuni, the number of HPC in biofilms growing on the PVC-coupons was, on average, 8.6 £ 10 4^3 .2 £ 10 4 CFU/cm 2 and the total number of bacteria was 1.7 £ 10 6^1 .1 £ 10 6 bacteria/cm 2 . The number of culturable C. jejuni bacteria in the outlet water of the reactor decreased rapidly after spiking. With direct plating it was possible to find culturable bacteria from outlet water only for 2 h after spiking. One reason for this may be the small sample volume (0.1 mL) used for analysis. With the enrichment method, C. jejuni bacteria in outlet water were found up to 1 d after spiking. The presence of the bacteria in enrichment broth was also detected by PCR. On the other hand, PCR gave no positive results in broths where culturable bacteria were not found. Campylobacteria are very sensitive bacteria for plating methods and, normally, are analysed only after enrichment. This has been found to enhance the culturability of the bacteria. However, in our case C. jejuni was obviously not healthy enough to multiply in the broth.
In biofilms C. jejuni bacteria were not detectable by direct plating at any time. With the enrichment method C. jejuni bacteria were found from biofilms 2 h after spiking the reactor. The rapid loss of culturability was as expected since the water of the biofilm reactor contained chlorine, the temperature was quite high and water flow was turbulent (probably more oxygen present than with laminar flow conditions). However, using the FISH method, it was possible to find C. jejuni in biofilms up to 1 week (the experimental period for biofilms). Within the first 4 d, the number of C. jejuni decreased in biofilms, after which it remained constant or even increased (Figure 1 ). There was no clear reason for the increased number of C. jejuni on the last sampling day. The reason could be in the methodological variation of FISH results during the analysis.
The survival time of C. jejuni in biofilms was longer than we expected, and it was not possible to continue the experiment longer because there were no biofilm coupons left in the Propellae reactor. We followed the number of C. jejuni in the outlet water of the reactor up to 3 weeks. The number of bacteria decreased during this time and, after 3 weeks, there were no more detectable C. jejuni in water (Figure 1 ). Bacteria in outlet water originated mainly from the biofilms growing on the PVC surfaces of the reactor Figure 1 Number of C. jejuni in biofilms and in outlet water of Propellae reactor M.J. Lehtola et al. (outside the coupons), because water changed in the reactor twice a day, and there were no C. jejuni bacteria in the inlet water of the reactor. Our results agreed with previous studies with campylobacteria. In the study of Buswell et al. (1998) it was discovered that campylobacteria could be found by immunofluorescent-antibody staining in biofilms up to 28 and 42 d (at 30 and 4 8C, respectively). Also, in that study, the survival times analysed by culture methods were shorter.
The real numbers of bacteria in water and biofilms were probably at least twice as high as detected by the FISH method. When comparing the number of C. jejuni in milli-Q-water analysed by Acridine orange direct counts and by FISH, it was found that 40 -90% of the bacteria are lost during the hybridisation and washing steps. During the hybridisation and washing bacteria are in touch with liquids at temperature ranges of 50 -60 8C. In washing, the pH of the washing buffer in which the sample is immersed was 10. This may have enhanced the detaching of bacteria from the base (in this case membrane). The loss of bacteria during FISH is an important aspect to be aware of when using FISH methods for quantitative studies. In many previous papers this question has gone unnoticed. The FISH method does not normally provide a straightforward answer for the question of viability or infectivity of bacteria. During environmental stress, campylobacteria can transform from the spiral form into a coccoid form. Earlier it was found that the coccoid form of bacteria does not hybridise as well as the spiral form (Lehtola et al., 2005) . In this study, bacteria were clearly hybridised and were mostly the spiral form indicating that the bacteria probably were still in a physiologically active form.
Conclusions
C. jejuni survives in biofilms for at least 1 week, but probably up to 3 weeks, and can be released into drinking water. Culture methods seriously underestimated the real numbers of bacteria while the FISH method offered a useful tool for the detection of pathogenic bacteria in water and biofilms. However, also during the FISH analysis, 50 -90% of the bacteria were lost, which must be taken into account when evaluating the quantitative results of FISH.
